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Pazeumue Inepeonezasucumou Pezucmusnou I[lamamu

Heobxooumocmo:
Mampuuywl Inepzone3asucumoll pe3ucmueHoll RAMAMU HYHCHBL 01 CO30AHUA:

- 2JleMeHmMHOU 0a3bl OJi51 HeUPOMOPPHBIX YCMPOUCNE

- DHEPeOHe3aBUCUMOU NAMAMU Mepadbumuo20 macuimada

- OHepP20IKOHOMHBIX 0OHOKpucmanvuwix cucmem (SOC) u komnvromepos HO8020 NOKOIEHUS
JLna ux co30anus HeoOXo00umo papadoomams 3j1emMeHmul pe3UCMUBHOU NAMAMU

- C 8bICOKOU NIOMHOCMBIO 3ANUCU OAHHBIX 3d CHem YMEeHbULeHUs NA0Wa0U si4eeK NamMsamu u

00CMUNCEHUSL MHO2OVPOBHEBLLX COCMOSHULL

- BLICOKOU HAOEIHCHOCMBIO U BOCHPOU3BOOUMOCBIO PE3YIbMAMO8 NepeKIOYeHUs]

- BLICOKOU CKOPOCMbIO U DONLUUUM KOUYECTNEOM YUKI08 NePeKITOUEHUS]

- HU3BKOU nompeoIsieMol MOWHOCMbIO
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Pazeumue Inepeonezasucumou Pezucmuenou [lamamu

Bozmooicnocmu: Ananus cumyayuu

- Hausvicuuii unmepec sedywux komnanuii (Intel, Samsung, Hynix, Toshiba, HP, Micron
Technologies) k paspabomke pezucmusnoti namsamu 015 CO30aHUSL IHEP2OIKOHOMHBIX
oonokpucmanvusix cucmem (System-on-Chip) 6wz 6 2008-2013 2o0ax.

- B 2013 200y Intel u opyeue xomnanuu ympamunu unmepec uz-3a npoonem, cés3aHHbIX C:

- BLICOKUMU 3HAYCHUSMU NOPO2OBHIX HANPINCCHUL NePEeKAIOUeHUS. U
- HU3KOU BOCNPOU3BOOUMOCHILIO PE3VIbINAMO8 NePeKaOYeHUs OM YUKIA K UUKITY.
- Unmepec k peaucmusnou namsamu 6Ho8b 3amemuo svipoc 6 2017-2018 cooax. Cseazano smo c

mem, Ymo MHO20YPOBHeBAs NAMAMb MOMCEM UCNONIb308AMbCS 0151 CO30AHUSL HEUPOMOPDHBIX
cemell.

Y Poccuu ewe ecmo wanc He oKazamvpcs 8 aymcauoepax 6 Mupogoti 20HKe:

- Texnonozusn uzeomoeneHus pe3ucmueHoU Namamu OMHOCUMeNbHO NPOCMast

- Ilpu pazymuom punancuposanuu u nodoepoicke 8e0YUjux Y4eHslx Modicent Oblmb 0CYUjeCmeneH
npopwie, cnocoOHbll gblgecmu Poccuio Ha KOHKYpeHmHO-CnocobHblll YPo&eHb

- bonee mozo, nakonienHwvlil HAMU ONBIM, NOHUMAHUE RPOOIEMAMUKU, 671A0EHUE
MEXHOI02UYECKUMU U IKCHEPUMEHMATbHBIMU PECYPCAMU 0alOm HAM 0ONOIHUME/IbHbLE
npeumyuiecmea neped HauuUMu KOHKypeHmamu
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Pazeumue Iunepeonezasucumou Pesucmuenou [lamamu

Bozmooicnocmu: Hawe yuacmue 6 2oHke 6ce euje 803MONCHO O1a200aps
PAOY HePEeueHHbIX PYHOAMEHMANbHBIX HAYYHO-MEXHUYEeCKUX npoonem.

Ochnosnble u3 Hux:
1. Heobxo0umocmes nonumanus mexawuzma nepeknodeHus

2. Heobxo0umocms ynyuwerus 60Cnpou3goouMocmu XapaKmepucmux nepexkuo4eHus
3. Heobxooumocms cozoanusn punamenma (chopmosku) ons mampuy 6016uion nIomHocmu
4. Heobxooumocmo co30anus cenekmopa Ons YCmpaHeHus napasumHusix moKoe

5. Heobxooumocms onmumuzayuu (YMeHbuieHUS) YNPABIAIOU €20 HANPANCEHUS ONA
OOHOKPUCMANHBIX CUCTEM
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Pezucmuenas namame Ha ocHoge 0KCUO08 MEMAlno8
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Pulsed Forming: Vg — Pulse speed trade-off
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Vforming VS- pulse speed

Voltage-to-form, V
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Forming Voltage increases with
Increasing pulse speed, V, se/tise
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Pezucmuenas namams Ha oCHO8E OKCUOOE8 MEMANN08
Pulsed Set/Reset: PW-PH Tradeoff (D. lelmini)
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Pezucmuenas namame Ha ocHoge 0KCUO08 MEMAlno8

How do we know it’s a Conductive Filament?

- No area scaling of ON resistance

Baek, IEDM 2004 IMEC, IEDM 2011
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-CF size is1 -5 nm in diameter
IMEC, 2012 (calculated)

=

- r = 0.92nm kil feakage pamh akng GB

w 99 % f50%

o “

O 95 % f

=90 %]} ) . e
g75% | — .

e :

2 50 % i |
g e

Slox 7wl

2 10% —-l o m
€ 5% | % .’f«

= ‘ .

€ 1%} 10nm x 10nm cel “

3 "- - -

. .
0 0.5 1 1. 5 2
Fxlar*,e']t radius, r' {nm] det sruiadc 0 reprodace he oming satzhing phanomenos

Cepeeu Kosewnukos

p——— e —

SEMATECI‘-!,,"
Sematech, 2012
1E+06 -
L
E 1.E405 - * * ®HAS Ars
(o] WLRS Res
s
§ 100 B 0 m .
&
16403 - - - . -
0.001 001 01 1 10 100
Cell Area, pm?
lelmini, 2011
Analytical set/reset model
| o 2 o
e &
Slacyodes Mo
18) ) ( (@

» Growth of CF diameter ¢: _" Ae '
* Energy barrier; E.(Vi-E,
TIV)=T. Ry =T a8

* Joule heating:

2 V-driven CF growth: &,




4

Pt / /
o— NiO

Pt
[TO&Glass

X-STEM with EDX Image

CpeoHnss evicoma uiepoxo8amocmu
HOBEPXHOCIU INIeKMPOOa NOPAOKA 3 HM.
L monKux nieHok cuibHoe J10KANbHO

HEO0OHOPOOHOE INEKMPULECKOE NOJTle

Cepeeu Koseuwnuxos

ONLKUX PurameHmos

Pl 7\

/ y / 4

Pt/ / /
NiO
Pt
ITO&Glass

= A1)

« B(7)
ﬁ ——C(2)
' D(1)

| EQ)
——F(1)

Currel

0.0 0.5 1.0 1.5 2.0 25
Voltage (V)

U3meHeHue rnonoxeHus rnposoosiieao
unameHma om Uukna K YUKy,
rnpuesodswee K He8oCrpou3soouMocmu
rnapamempos rnepeKknyYeHus. Lin, APL




Pazeumue Iunepeonezasucumou Pezucmuenou [lamamu

Hepcnekmuebl: B uem nawe npeumywyiecmeo u 1mo denamos?

Haquo-mexHuquKuﬁ npopsle HE6OIMOINCEH Oe3 ZJZ)/6OKOZO NOHUMAHUA MEXAHU3MOB
nepexkjIro4YeHuUs upa3pa60m1<u NPUHUUNUAIBHO HOBbIX 3J1EMEHN 06 pe3ucmu6HOL7 namsamu.

|. Haw nooxoo ocHoean Ha KORMPOAUPYemMom co30aHuu nposoosauie2o guiamenma. Hamu
pazpabomarsvl MemoouKu, A6NAI0UUecs UHmMelleKkmyaibHou coocmeennocmoio UIITM PAH:
1. Ooun u3z pazpabomantvlx u anpooUPOBAHHBIX MEMOO08 3AKNUAEMC S 8
JIOKAIbHOM 88€0€eHULU CIMPYKMYPHBIX 0epheKmos 8 OKCUO MemaJiid
2. Jlpyeoii memoo ocHO8aH HA Y8eIUYeHUU IEeKMPUYECKO20 NOJISL 8 YeHmpe AUeUKU
namamu NOMOWbI0 CREYUATILHO 86E0EHHBIX 3APA008 8 OUIIEKMPUK, OKPYIHCAIOWULL
YUTUHOPUYECKYIO AUeUKY NAMSIMU.
3. Tpemuu mMemoO 0CHOBAH HA IOKAIbHOM CO30AHUU MEXAHUYECKUX HANPANCEHUU 8
MOHKOM Cl0€ OUIIEKMPUKA C NOMOWbIO HAHO-UHOEHMOPd
4. Yemeepmulii Memoo 0CHOBAH HA YNPABIEHUU CIMEXUOMEMPULHOCTIBIO OUITEKMPUKA
U cO30aHUU 08YX DUIAMEHMOB
Il. Hamu pazpabomana u anpobuposana KoOHYenyusi IHep2oHe3A8UCUMO20 MHO20VPOBHEBO20
Mempucmopa Ha baze becnepexooHo20 MpPaH3UCmopa ¢ 3apso0om 8 WUUPOKO30HHOM
n003amMBOPHOM OUINEKMPUKE
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Koumponupyemoe cozoanue eduncmeenno2o, cmpo2o
NO3UYUOHUPOBAHHO20 NPOBOOAUIE20 hunamenma

DJIEMEHTHI PE3UCTUBHOM IMAMSITH HOBOTO ITOKOJIEHNS, _ |
paspadorauusie B UTITM PAH coBmecTHO cO S
cryaneatamu MOTU (M. ®enoroB — MojenupoBaHue) ' PO 2
i T
1

1. JlIokajibHOE BBeAeHHE 3aPsi/ia B ABYCJIOMHOM CTPYKType —

Color: V
30 T T

20

S0z

Ts0 40 a0 20 40 0 10 20 20 20 50 T S via
TonwwuHa HfFO2 10 HM Tonwwuxa HfO2 20 HM
BHeluHee HanpshkeHne 0.5B BHelwHee HanpskeHne 0.5B
Pa3mep obnactu 20 M Pa3mep obnactu 20 HM
BBEAEHMS 3apsiaa BBeAeHUs 3apsiaa
BenununHa BHOCKMMOTO 350 MKKr/cMm2 BennunHa BHOCKMMOTO 350 MKKn/cm2
3apsga 3apsiga
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Koumponupyemoe cozoanue eourcmeenno2o, cmpozo
NO3UYUOHUPOBAHHO20 NPOBOOAUIE20 hunamenma

.
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Inemenmuol pe3uUCmu8HOU Namsamu H08020 NOKOJIEHUS,
paszpabomannsie 8 HIITM PAH coemecmHo co

TiN
§i02

cmyoenmamu MOTU (M. @edoomoe — Moodenuposarue)
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Ccvlor: V Vector field: E ] ‘ vie.
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40 3apsda
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Koumponupyemoe cozoanue eduncmeenno2o, cmpo2o
NO3UYUOHUPOBAHHO20 NPOBOOAUIE20 hunamenma

Inemenmvl MHO20YPOBHEBOU PE3UCMUBHOU NAMAMU
Ha ocnose TaOX - coemecmno MOTH
(M. @eoomos, M. ’Kykos, A. 3enkesuu)

Co30anue 08yx npogooawux unramenmos

Normal cycle 0,0200

0,0100

0,0
0,0000

Current (mA)
Current (A)

-0,0100

-3 2 ] 0 ] 2 3 -2, 0_0’0200 -1,0 0,0 1,0
Bias (V) Bias (V)

TunuyHoe nepekntoyeHmne Pt/TaOx/Ta MNepeknioueHue nccnepyemoro
ob6pasua TaOx

MonyyeHa AMHEMHaA 3aBUCMMOCTb POCTa TOKA OT HanpaMeHua SETa.
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Koumponupyemoe cozdanue eduncmeenno2o, cmpo2o
NO3UYUOHUPOBAHHO20 NPOBOOAUe20 huramenma

Inemermol MHO20YPOBHEBOU pe3ucmuHol namsamu Ha ocHose 1a0X - coemecmno MOTH
(M. ®edomos, M. )Kykos, A. 3enkesuu)
Co3o0anue 08yx npogooauwiux uiamenmos: yayuuienue
B80CHPOU3EOOUMOCIU OM YUKILA K YUKJTY

BbicTpbiit RESET (<1sec) MeganeHHbIn RESET (100 sec)
0,02

0,01

-1,20 , 0,80

-0,02

. IGbictpuiiiRESET MeaienHbiii RESET
1,26875 1,064285714

0,185078333 0,001765714

0,353125 0,036870748
CpeaHeKkBaap. OTKNIOHEHUe 0,430207314 0,042020403
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Koumponupyemoe cozoarnue eduncmeentoz2o, cmpozo
NO3UUUOHUPOBAHHO20 NPOBOIAULE20 puramenma

AnemeHmol MHO20YPOBHEBOU pe3ucmusHol namsamu Ha ocHose TaOX - coemecmuo MOTHU

(M. ®edomos, M. )Kykos, A. 3enkesuu)
Co3o0anue 08yx npogooaAuuUX (puiamenmoe — MHO20yPOBHEBOe NePeKItoUeHUe

-2,00

[lepexom M™exay ypoBHSIMH HaOmomaercs B 00e crtopoHbl B guamazone or 0,8 B mo 1,9 B. Ilpum
yBeiuyeHuu/yMeHblieHnn Hanpspkenuss SET - 3epkanbHo (<5%) yBenMUMBAETCS/YMEHBINACTCS HANPSDKCHUE
RESET.
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Pazeumue Jnepeonezasucumou Pesucmuernou I[lamamu

Ilepcnexmueol: KOHYeNnYUsi SHEPSOHE3ABUCUMO20 MHO20YPOBHEBO2O
Mempucmopa Ha 6aze becnepexooHo20 mpaH3ucmopa ¢ 3apsi0om 8
UUPOKO3OHHOM NOO3AMBOPHOM OUIIEKMPUKE

Anemenmol pe3ucmusHoOU Namamu H08020 NOKoNeHus, pazpabomantvle 8 UIITM PAH
coemecmno co cmyoeumamu MOTHU (A. Conooyn)

Si,N,(Al) H-plasma 120V 40
dot b03 N
120 b 45 ~——
‘‘‘‘‘‘ efore =
A —e—b03L & \\
£/ —— b032 9 50
1l
o (+30V) o
100 - o33 S . \
—— b034 < \
L it . (-15v) g 60
—— b035 -
80 —— b036
-6,5
next day
038
1 1 1 '710 1
-10 0 10 2 0 2 4 6 8 10 12 14 16 18
uv u(v)

By varying the gate voltage we have obtain very large charge window in Si;N, (from negative 3x10'? cm to positive 4x10'? cm?)
The trapped charge can control channel conductance of the junctionless transistor
The prototype of multi-level resistive NVM device is demonstrated (patent application is pending)
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Pazeumue Inepeonezasucumou Peaucmuenou [lamamu

I rybokoe Iocpyoicenue — 632na0 6 6yoywee: Hecnedosarnue mexanuamos
NepexknoueHUs 8 A1eMeHmMax pe3ucCmueHoU Namamu Ha 0CHO8e OKCUO08
memannos — Ilpoexkm PODOH

- Ilpeyusuonnoe no3uyuoHuUposarue nposoosiue2o huiamenma 6 COYemaHuu ¢
BO3MONCHOCAMU ITLEKMPOHHO-TIYHUEBOU TUMO2PAPUU U U320MOBIEHUSL MOHKUX CIMPYKIMYP 015
npoceeuusarouell 21eKmpoHHOU MUKPOCKONUU NO3BOJIANL BbIABIAMb €20 PACNOIONCEHUE 8 AUeliKe
namsamu u u3y4ams e20 IeKmpuyecKue C8oUCmaed, CmpyKmypHble USMEeHEeHUs. U XUMUYECKUL
cocmas 8 npoyecce pe3ucmu8HO20 NepeKIoYeHus.

-Jlokanbras su3yanuzayus nPooosAuLe20 HuiameHma u e2o C8OUCM8a 8 npoyecce
nepexdeHuss Oyoym maxice uzyieHvl Memooamu AmoMHO-CULOBOU MUKPOCKONUU,
ALEKMPONIOMUHECYEHYUU U PACMPOBOU INEKMPOHHOU MUKPOCKONUU 8 PEHCUME HABEOEHHO2O
moKa.

- J[na onpeoenenus ponu 0ehekmos 8 OusleKmpuKe 8 npoyeccax oopazosanus uiamenma u
nociedyoue2o nepekaoyeruss 0yoym npoeedeHvl 3KCNepuUMeHmanibHble UCCie008anus
CHEeKmpos 21YOOKUX YPOBHEU 8 AUelKe NaAMAMU 8 4-X 803MONCHBIX COCMOAHUAX (UCXOOHOM, NOCJLe
GdopMOBKU, NOCLe NePEeKTIOYEHUs U3 BbICOKOOMHO20 8 HU3KOOMHOE COCMOsHUE U 00pamuo). Imu
VHUKATIbHbIE UCCIIe008AHUSL OVOYM NPOBOOUMBCS C NOMOWbI0 ONMUMUZUPOBAHHBIX HAMU
Memo008 MepMoOCMUMYIUPOBAHHO20 MOKA U PeNAKCAYUOHHOU CNEeKMPOCKONUU 2TYOOKUX YPOBHELL.
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Pazeumue Inepeonezasucumou Pezucmusnou [lamamu

Buvieoowi:

1. Texnonozusn uzzcomoejienus pe3ucmueHol nAMAMU OMHOCUMETbHO RPOCMAs
2. Ilpopuie ¢ pazeumuu pezucmusHoil namamu Oyoem 0CHOBAH HA PeUleHUU
dynoamenmanvHblX HAYUHBIX 30044
3. HakonnienHnulit Hamu onvim, NOHUMAHUeE NPOOIeMAMUKU, 6]1A0EeHUe
MEXHON02UYeCKUMU U IKCHEPUMEHMATNbHBIMU PeCypCcamu NO360IAM HAM IMU 3a40a4U
peuiums
4. Ilpu aoexkeammnom punancuposanuu u noOOepI HcKe 6eOyULUX yUeHbvlX, MecCHOM
compyonuuecmee Axademuu Hayk c 31eKmpoHHO RPOMBIULIEHHOCMbIO MOMCEn Oblmb
ocyuiecmenen npopule, cnocoonslil evieecmu Poccuio na KOoHKypeHmuo-cnocooulil ypoeeHs
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Cnacubo
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vmmpll = Rirs =Vieser Trade off

Tuning up R)l-_IQS and Vreset by Ilcornpl

" 3.6-04
Same Device 0.2
2600 i o W Bl m
| I
- 02
< § -04
g :I'g J ‘ ﬁ * & Vreset
E 06
S s ooes W Vreiet Sigma
. a NS 0.8 ‘
Vi eser 3L high l°°"""*"‘-‘.?‘\i;; - im ) i D.E+00 1E+D4 ZE+D4 3E+04  4E+04
Ve 3t low I°°mp'|\:/ T Lcompn A LRS Resistance, Ohm
| 73.E-04 ‘ !
2 45 -1 05 0 0.5 1 1.5 2
Voltage, V
LRS Resistance vs |, | in Set: DC vs AC @) RLRS deCFeaSES Wl’th VCOan|

1.E+05 =

' o Same trend in DC and AC

y = 8.2x0731
R=0.9992 0 ViRreset INCreases by ~ 0.5 V with

decreasing R, g from 30 kQ to 7 kQ

LRS Resistance, Ohm

1.E+04
= 7.6594x 074 ¢ Rlrs -DC L et . ..
"Rt~ 0.9083 srisac | o Vigeser Variability is negligible in R, g5 range
1.E+03 T T 1
1.E-06 1.E-05 1.E-04 1.E-03

Icompll A
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Reset Voltage Range — Ryrs =V, Trade off

Tuning up Ryrs and V, by Voltage in Reset

' y=0.1214Infx)- 0.ETI2
1 F=DEIE
= _os
- —1.3V :: * Vot
o = (L&
3 —L2M :..E B Vet sigrma
3 :ivlv 0.4 3 y=00351In[x]- 02268 tog. (Vaet)
ooV a2 R?*=0636E — L. [Vt sigrna)
—0.8V ’
0.7V 0o - T |
15 4 05 0 05 1 15 1E+04 1.E+05 1.E+06 1E+07
Voltage, V HRS Resistance, Ohm
0.8
O.? . ., -
. i, Leompi- o Vs« IS decreased by ~0.6 V with
> 06 N ® 1.306-04 .
g R M 9.506-05 decreasing R,gsfrom 5 MQ to 30 kQ
2 05 L . T .
> y L T 4677605 o Vg Variability increases with Rygs
04 ¥ X 4.55E-05
' X 2.78E-05
0.3 . . r " ®148E-05
0 0.5 1 15 2
Vreset range,V
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Pulsed Set: V- t.- Pulse speed trade-off

vset - trise trade-off Vset/reset - trise trade-off

—
Viuise = 17V -(const) >
- o *
. 1 *
> - > . N ¢
= " + 05
= - . =
tﬂSE' o
® o o
o e 1015 =
¥ - @ Vset
=S 100ns @ -05 g
(=3 ; L W Vreset
> w—500ns m
-1 e
= 1000n%
/ ; 1.5
1.E-07! 2 [_'p7 AE-07 7.E-07 9.5-07 1.E+05 1.E+06 1.E+Q7 1.E+08 1.E+09
! Time during Pulsed Set, sec Pulse Height/t, .., V/sec
| |
1) )
T T

o Set Voltage increases with
increasing pulse speed, V,e/tise
o Reset Voltage increases with

increasing pulse speed

Voltage at Source, V

-1.E-07 2.E-07 407 7.E-07 9.€-07
Time during Pulsed Set, sec
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Rurs Reversible Tunability by Voltage in Reset

HRS Current vs. V, . Range
Set CC = 25;1A — Const ( CCin Forming - 20;1A)

I reset Range
modulates

1.506 = S barrier thickness
E - . .
- o A
< - - " = * || AA A AA tA s &
"é @ o ES B -l m i AAA & L 2 .
[ +
(7] 4 ® @ A  .e® g e
5 LE07 -+ % Sam g . Lo-- S| enmsisv
O T 2 . Em_ - e &+  mHRS13V
e -® & o S
o e e - >
T Rl A HRS -1.1V
L HRS -0.9V
-1.5V -1.3V -1.1V -0.9v -1.5V
4 HRS -1.5V-Repeat
1E_08 1 1 1 | e e L "| 1 I 1 | I 1 1 1 | 1 e l
0 25 50 F 100 125
Cycles

Key Learning:

 HRS current decreases with V. Range

- Barrier thickness modulation is fully reversible

We modulate the barrier thickness rather than CF size
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V.t Reversible Tunability by Voltage in Reset

Vset VS. Vreset Range
Set CC = Const

TE

Pre-Set
barrier thickness

1
~-£L§\i -1.3V -1.1V -0.9V -1.5Vv
0-9 V” ‘ ? ~~~~~ Py " b
0.8 hat 3 ‘0 "“-- i‘“-&.g§ ’&0 "0
B = UL
> 0-6 ~~~~~ @ [ | [ A
0.5 = s 9, O
O GRS,  —-~._ 0
0.3 [ | [ |
0 25 50 75 100 125
Cycles

Key Learning:
V.t INcreases with V .« Range — Fully reversible
« Thicker Barrier requires higher V.
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lurs @and |, rs Tunability by Compliance Current

LRS and HRS Currents vs. CC in Set

V..set RANge= Const (Forming at CC=201A)

Compliance Current in Set
2.0E-0O5

15 uA 25 uA 75 uA 25 uA 15 uA
<€ 1.5E-
- 1.5E-05 - RS
[ — A A A
D A Aot Soga = LRS-25
t 1.0E-05 A= =
3 s LRS-75
v = Pt 3
55 5.0E-06 {3 3 = o eamemian : . PR LRS-160
hat R 2 oa gl m LRS-25-Rep
0.0E+00 : ! : < LRS 15 Rep
o 25 50 75 100 125
Cycles
Compliance Currentin Set
8.0E-07 15 UA 2S5 UA 7S UA 25 uUA 15 uA
== _r --------------
G BObnC a ®axa - - + HRS-15
5 A aa = = HRS-25
£ 4.0e-07 - S 7 T "R
S o . A ."'_'_".. + HRS-75
2 “a - """ . HRS-160
= 2.0E-07 = By —— o= =
e Jam " = HRS-25 Rep
0.0E+00 Eomainty BRI : . * HRS 15-Rep
o 25 50 75 100 125

Key Learning:
* LRS current increases with CC — the change is NOT reversible
« HRS current increases with CC — the change is NOT reversible
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V.o Tunability by Compliance Current

V. VS. CC in Set
V. ..et Range= Const (Forming at CC=201A)
1

=T | T = e =] | =

L

] =B TBETT| [(TEE

Compliance Currentin Set
1 , ISuA  25UA JSUA  160UA 25UA | 15uUA
L
0.9 * 5
'S *e my, & _=
=
0.8 EE== _""l—‘- + 15uA
g ] A ]
= 07 s - = 25uA
@ A 5]
= 0.6 - & A ad 4 ' T-':—'—.,’—. A 75uUA
0.5 e | = By © 160UA
; Y o - u
0.4 A Eie m 25uA Rep
0.3 ; \ + 15uA Rep
0 25 50 75 100 125
Cycles

Key Learning:

V¢t decreases by ~0.2V with CC — the change is NOT reversible
« HRS current increases with CC — the change is NOT reversible
* Increasing CC results in enlargement of Conductive Filament !
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l,rs Cycle-to-Cycle Variability

HRS Current vs. Reset End Current (at V,...; Range)
Set CC = Const

Reset End Current

4.E-06
3.E-06

3.E-06 | '/

2 E-06 - y = 0.0328x . _
R?=0.9031

® 1.7

lyrs, A

2.E-06 .1

y=0.0055x ____|jnear(1.7)
R?=-0.091

1.E-06 -

5E-07 —— Linear (1)

0.E+00 - “
0.E+00  2.E-05 4.E-05 6.E-05 8.E-05 1.E-04

Voltage in Reset, V | resetend: A

Key Learning:
* Reset End Current fluctuates randomly from cycle to cycle
« The higher the Reset End Current, the higher the HRS current

: 019
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Needs for RRAM optimization for Variability
Improvement: Effect of OEL Thickness

Vf and switching characteristics vs. OEL thickness

Set CC = 75uA
100x100 Device
‘ Dev.A_Low OEL Dev.B_Medium OEL Dev.C_High OEL
35 : = = g, =
"'.\ # Dev.A_Vf (Low OEL) ‘
3 ® Dev.B_Vf (Medium OEL)
Y
\ A Dev.C_Vf (High OEL)
= 25
3 .\ \‘\
s ol
2 \\“
iy .
15 =
1
1.0E402 1.0E404 1.0E406

Device area (nm”2)

Key Learning:

» V:decreases with thicker OEL

* Device with thin OEL shows unstable switching, large
distribution in Vset, HRS current and LRS current
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Needs for RRAM optimization for Variability
Improvement: Effect of HfO, Thickness and Cell Area

HRS Current vs. HfO, thickness (56 cycles vs. 85 cycles
Set CC = 75uA

4.0E-06 50x50 A 100x100 200x200
—_ X % X
< 3.0E-06 & » ® HRS_50_W10_S6cycle
::: A A B HRS_50 W12 8S5cycle
= A HRS_100_W10_Sécycle
=
o HRS_100_W12_85cycle
vy
o HRS_200_W10_56cycle
X

@ HRS_200_W12_85cycle

(o) 20 40 60 80 100 120 140 160
" 2.2 N
= 2.0E-06 T ‘\ ® VI (56 cycles HfO2)
@ e . ® HRS_Ave_56 cydes HIO2 2 "=, = Vf (85 cycles HfO2)
g 1.5E-06 s ‘ B HRS_Ave 85 cyde HfO2 18 \"*0_ \\"l‘_
g l E 1.6 “\’ ——
e 1.0E-06 I i | i T -
o . I : @ 1.4 i
£ 5.0€-07 # L. il — e
o = 1.2
£ 0.0E+00 5
B 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+02 1.0E+04 1.0E4+06
Device area (nm~2) Device area (nm~2)

Key Learning:
« V:increases with HfO, thickness, decreases with device area
* HRS current shows larger spread with thinner HfO,

Smaller cell area shows lower variability
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Achieving discrete resistive states via PW-PH in
pulsed Set
Pulsed Set: PW-PH Dependence

V, = 1.4V
Icompl =78 MA

R~ 16 k O
Ryrs ~ 500 k Q

Pulsed Set (Vg 1.4V): PH-PW Dependence

1.E-05

------- ----»,o"
] 5
! After Pulse: Full Set
3 Device in LRS State

——1.2

Starting State: HRS
(after DC Reset)

1.E-06

——1.1

=01
0.9

Rea#l Current at 0.1V, A

0
I
|
I

0.8

0.7

1.E-09 1.E-08 1.E-07 1.E-06

e Clear trend: faster switching at higher pulsed voltage
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Achieving discrete resistive states via PW-PH in

pulsed Set

Starting State: LRS
(after DC Set)

Pulsed Reset: PW-PH Dependence

V, = 1.4V
Icompl =78 HA
Rees ~ 16 k Q
Rups ~ 500 k Q

Bead Current at 0.1V, A

Pulsed Reset: PW-PH Dependence

——1.5

14
—t—1.3
——1.2

]

1.E-06 |

——1.1

1.E-08 1.E-07 1.E-06

PW, sec

1.E-05

HRS current

""" \ 4

<
________ . E
D * g
a6 ]
€ v
’ o
T
--------- Q
< * =

A= - * .

InE” EEEE . T
07
0.8 1 1.2 1.4

DC Reset Voltage, V

After Pulse:
Device in HRS State
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Pulsed Set/Reset: PW-PH Tradeoff

Pulsed Set Pulsed Reset
1.E-06 1.E-06
’ i
- 1.E-07 EE‘ 1.E-07 .
[+}]
. e g -
- o
- V ® % o o+ o o My " B gm
= set g reset
1.E-09 T T T T | 1.E-09 ‘
0.6 0.8 1 1.2 1.4 1.6 0.6 0.8 1 1.2 1.4 1.6
PH, V PH, V
V.=1.4V ¢ =
g - © 1E07 ¢ Time to Set
Icompl =78 HA % PS u B Time to Reset
~ et
Rirs ~ 16 k Q 2 P Limited by
~ o
Ryrs ~ 500 kQ £ 1eos Pulse Gen
2 +338 < resolution:
o PW ~ 6 ns at
g Rise/Fall 2 ns
= 1.E-09 . . . !
0 05 1 15 2
Pulse Height, V
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Pulsed Set/Reset: PW-PH Tradeoff (D. lelmini)

104 VA:OBV”“III T |||||I'I'| T ||||||I'| T ||||||£ 104 I | I 1 I | I I | I | I | I
_ ; s Set
Vo ] 107 o o Reset| T N i
—— V08V on . o
100 = OA - A O -
_ O A0
" a2k - -
— E' 10 A A
o E 104 - 3 - 5 -
6 6
¢ 9
10 A T 7
0 0]
108F A e -
| "] 1 0.1 0 L | L ] 1 ] 1 L | L | L | L
102 g' |||||||I8I LLLLLLL 7 L L LLLL 6 1 IIIIII|I5 L L LLLLIL 4 O 0.5 1 1l5 0 10 20 30 40
10° 10° 10° 10° 10° 10° .
| Voltage [V] 1/KT [eV]
Time [s]
" ST . o : : Fig. 6.9 Measured set and reset times, evaluated as a 50% resistance decrease or increase,
Fig, 08 Meastred R as a function of time during reset for increasing V'y, Noload reststance was é’ o PRI AR R T e P
A ‘ © ‘ o respectively, as a function of voltage (a) and as a function of 1/KT (h), where T 1s the local
applied n series with the cell. The reset time, corresponding to a 30% increase of R, 1s marked on temperature at the CF evaluated from the Joule heating formula of Eq. (6.4). The exponential
the fioure, indicatine an almost CXpOHCHIiEll decrease of Lo for increasine voltage dependence on /KT suggests that set/reset processes are due to temperature-activated mechanisms

33 obeying an Arhenius law
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Pulsed Forming: Vg — Pulse speed trade-off

35 250
Viorming VS- PUlse speed
3 Voltage [V] /‘ 00 6
25 Current[A]
> / i g >
g); . - 150 % £ .
& / c -
£ 15 e -E
o - 100 = T3
> = 0
1 v -
v 2
- 50
0.5 / 0
/ £ :
0 ‘ . . — 0 >0
0.E+00 2.E05 4.E-05 6.E-05 8.E-05 1.6-:04 0

. 1E+04  1E+05 1E+06  1E+07  1E+08  1E+09  1E+10
Time, sec '
Vpulse/ trisel V/ sec

- Forming time ~ 200 ns

—

| J
i !

N
o)
Q

Forming Voltage increases with
Increasing pulse speed, V,s/tiise

Current, uA
N
O

|

N

-50 8] 50 100 150 200 250

Time, ns
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Heobxooumocms cozoanus CAMOCOBMEUIEHHOCO cellieKmopda

| Background : Necessity of selection device in cross point array |

I This cell has be read |

During the reading, unwanted sneak
current prevents sensing

- LRS cells nearby HRS cell prevent
reading current from passing through HRS
cell which has be read

wf rzomop |[ whozop |
WA
%m“r ,| i Lo
c N t
Eol M
e kol >
&) , | 200, | 0
E 10°
1075 T 22

Cepeeu Kosewnukos

Varouna

device

'
-

I-V of selection device

If all cells are connected with selection device
having rectifying characteristics

- Sneak current passing through LRS cell
nearby HRS is blocked by reversed biased
selection device

Reset Read Selection Read: Reset

3 (TILRS/(BILRS  1: (TILRS/(BILRS

&3 : ]
1
\3 H

GIST, [EDM (2010)

Tep d o2

{ Botom devicz
PYHIO /Zr0 BEHIQ JZrO, [Pt

HIQ

-1 0 1 2

Voltage (V)

Current density [Acm?]

108

107

108

105

104

1083

10°

Epi-Si diode [47]

- MIEC [55]

—_— — Poly-Si diode [48]
T T VO, switch [57]

Ag/Zn0O Schottky diode [53]

04/07/2011 20:26:29

Drainl

101 102 108

F [nm]

[110THOCTB TOKA PacTET C YMEHBIICHUEM pa3Mepa A4YEHKHU
CenexTop NOJKEH YIOBIETBOPATH TPeOOBaHUAM I10
IIJIOTHOCTH TOKA

KEITHLEY

-1.0E+0 T -
-800 0E-3
-a800.0E-3
-500.0E-3
-400.0E-3
-2000E-3 §
-100 0E-3

0.0E+0

ADOOE-Z v e e
DOOOE-Z -
3000E-3

500.0E-3 11

BO00E-3 T -

900.0E-3 T -

1 DE+0

Drain’y




Rurs — Ry rs - V; B3aumo3aeucumocmsb

CCin Set at V. Range = Const

CC

inSet /

A

/

—

Rips \\

—>

Vreset Range at CC = Const

vV

reset

Range /

—

Cepeeu Kosewnukos

|

//}
VReset /

RHRS gy

VSet

Fa

~

RLRS




Heobxooumocmo ynywwenus 8ocnpouzeo0umocmu
Xapakmepucmuk nepexioYeHus

DC Switching: Intrinsic Variability S
Monolithic 1T1R: 25 DC cycles SEMATECH /
8.005
et Approach:
= X \steod) / °°m°' *Run multiple DC Cycles (25-100 cycles)
g rese R 28G5 1 Determine Mean and St Dev
E

*Use same device to repeat DC cycles at
T L5 -different |,y
-different V..« Range

» 6,605 - VtSet
lReset Enc S sk -
A
V'R Voltage,V lgeaq At +- 0.1V HRS and LRS Currents
t Reset
DCLRS and HRS Read Current at +/-0.1V
X < % AafAR bbb danntsatisis
Key Learning: i I
-HRS Current — highest variability 3 SR
-Sigma/Mean ratio >30% i o T o e g A
S .00. PR .. ® > .: 0. 4 LRS resot
* * * ®
g * ot * HRS Reset
1.E-07
0 5 10 15 20 25




Rurs — Rirs - V; Interdependencies and
Tunability

CCin Set at V. Range = Const

€C
in Set /

=

RLRS \

=

Vreset Range at CC = Const

Vrese
Ranée /f

—

RHRS /

—

VReset /

Rugs e 0

VSet >

RLRS

VReset

38







